High harmonic generation (HHG) is a central driver of the rapidly growing field of ultrafast science. We present a novel quasiphase-matching (QPM) concept with a dual-gas multijet target leading, for the first time, to remarkable phase control between multiple HHG sources (> 2) within the Rayleigh range. The alternating jet structure with driving and matching zones shows perfect coherent buildup for up to six QPM periods. Although not in the focus of the proof-of-principle studies presented here, we achieved competitive conversion efficiencies already in this early stage of development. Coherent extreme ultraviolet (XUV) pulses of attosecond to femtosecond duration generated by high harmonic generation (HHG) in gases [1, 2] are central to applications in ultrafast science [3] [4] [5] [6] and the external seeding of freeelectron lasers (FELs) [7] . In terms of enhancing the brightness of such pulses, achieving absolute and independent phase control between multiple harmonic generation zones represents a major advance for HHG sources. It will allow the coherent superposition of multiple sources created by the same laser-an approach commonly known as quasiphase matching (QPM) [8] . In the case of HHG, QPM is typically implemented by allowing the signal to build up over one coherence length L c ¼ =Ák (the HHG halfperiod) and subsequently suppressing HHG for another coherence length (the matching half-period) until the driving field and harmonic field are in phase again (here Ák ¼ k q À qk f is the k-vector mismatch between the qth harmonic and the fundamental). The effectiveness of QPM has been demonstrated in the past using capillaries to achieve a modulation of the laser intensity via periodic variation of the capillary diameter [8, 9] or multimode beating in a capillary [10, 11] . Other schemes have involved HHG from a capillary discharge [12] or the use of counterpropagating pulses [13] . Since the intensity of N atoms emitting radiation coherently increases as N 2 under true phase matching conditions, the superposition of N QPM identical HHG sources will increase the intensity of the qth harmonic as I q / ðN QPM Þ 2 under ideal conditions (N QPM is the number of QPM periods consisting of a HHG and a matching half-period). The usual QPM schemes, while elegant advances in their own right, fall short of this ideal scenario, because the source in the matching half-period is only weakly suppressed, the gas in the matching half-period adds appreciable absorption, and/or because the scheme does not allow the phase correction in the matching halfperiod to be freely adjusted. All this is the key to full control of attosecond pulse production and to achieve the full theoretical enhancement of ðN QPM Þ 2 . In order to meet the requirements for fully controlled coherent buildup, we have developed a novel dual-gas QPM concept based on alternating a HHG generating medium with passive matching hydrogen zones [see Fig. 1(a) ]. The only restriction is that the HHG medium must have a higher ionization potential than hydrogen. If this condition is fulfilled, hydrogen will be fully ionized at the rising edge of the pulse. Since completely ionized hydrogen cannot emit further harmonic photons it acts as a completely passive medium and therefore the hydrogen half-period only adds a phase dominated by the free electron dispersion such that
where L M is the length of the matching half-period, n e the electron density, r e the classical electron radius, and the fundamental wavelength. In addition, neutral and depleted hydrogen have minimal absorption for all wavelengths of interest compared to HHG media available. For scenarios that aim to exploit the high peak power [14] or high average power of current-day lasers [15, 16] , dual-gas QPM also has the advantage that it is compatible with free-propagating laser geometries instead of capillaries. While capillary waveguides provide an elegant solution
week ending 21 OCTOBER 2011 to achieve near-uniform intensity over substantial interaction lengths, their lifetime can be limited by laser damage, especially under circumstances where the wall load is very high or when high average power systems being used are of particular interest for FEL seeding due to FEL pulse repetition rates of up to 1 MHz [17] . Initial QPM schemes using free-propagating lasers and multijet arrays [18] free of the laser damage constraint were based on the variable spacing concept using the Gouy phase shift in vacuum as matching parameter [19, 20] . This leads to large distances between the sources (on the order of millimeters) limiting the number of QPM periods N QPM that can be employed within the Rayleigh range of common laser systems. This restriction is most important when aiming to achieve QPM for very short wavelengths, where a small QPM period would allow for a large number of generation zones and hence the possibility of substantial signal enhancements. In particular, when trying to optimize critical HHG parameters like the cutoff energy, which requires a high intensity leading to a high ionization fraction, QPM with small QPM periods is the only way of enhancing the harmonic yield up to the theoretical limit.
A first proof-of-principle experiment was performed with a FemtoLasers amplifier system providing 30 fs pulses with 1 mJ pulse energy at a repetition rate of 1 kHz and a central wavelength of 800 nm. The laser radiation was focused by a parabolic mirror with an effective focal length of f ¼ 150 mm leading to a measured focal spot of 40 m (FWHM). With a transmission efficiency of 86% a peak intensity of 8 Â 10
14 W=cm 2 could be achieved. The jet array was positioned within the Rayleigh range of the focused laser beam. The jets were formed by electroeroded Laval-shaped nozzles with a diameter of 200 m at the nozzle exit. The separation of the nozzle centers was 430 m. The nozzle blocks are constructed in a way that the arrays of argon and hydrogen had a crossing angle of 75 deg [see Fig. 1(b) ], which leads to a crossing distance to the two nozzle entrances of about 150 m. For this experiment, arrays with either two HHG jets and one matching jet or four HHG jets interspersed with three matching jets were used. The XUV radiation was detected using a flatfield XUV spectrometer and an ANDOR backthinned CCD camera. The IR light was attenuated with a 400 nm aluminum filter.
Figures 2(a) and 2(b) show the effect of hydrogen in an array of two argon jets separated by one hydrogen jet. The solid black curve represents the spectrum recorded with an argon backing pressure of 2 bar and a hydrogen pressure of 0.9 bar. Increasing the hydrogen backing pressure to 2.35 bar leads to the shaded gray spectrum. It is clear that hydrogen has an order-dependent effect on the spectrum such that harmonic orders beyond q ¼ 27 harmonic are enhanced whereas a decrease in harmonic yield can be observed for orders lower than the q ¼ 25 by changing the hydrogen pressure from 0.9 to 2.35 bar [see also Fig. 2(c) ]. Such constructive or destructive interference between two sources is a signature of a QPM setup where an orderdependent phase q is added between two sources. Comparing the two-source array with an array with four sources and three matching jets, an enhancement factor of ð4 À 2Þ 2 ¼ 4 is expected for perfect coherent buildup of the harmonic yield. To show this effect the two-and the 5 nm) . The argon backing pressure was kept constant at 2 bar where the harmonic signal from the argon emitters without any hydrogen showed the first rollover. Figure 3(a) shows the hydrogen tuning curve, and a maximum harmonic yield can be found at 1 bar hydrogen pressure. An enhancement factor of 3:9 AE 0:2 between two and four sources is clearly visible. Spectrally a peak-to-peak comparison of the 41st harmonic should also lead to an enhancement factor of 4 with 1 bar hydrogen and 2 bar argon. In Fig. 3(b) a peak-topeak factor of 3:7 AE 0:2 can be observed, which is well within theoretical expectations. Hence, we can find a factor of % 4 in the spectrum and in the integrated signal of this harmonic. The splitting and blueshift in Fig. 3(b) is due to the longer path length for the four-source array and is caused by ionization blueshifting and quantum-path interference [21, 22] , which will be the subject of a further, more detailed publication.
As a consequence, the four-jet array is expected to give 16Â the yield of a single jet under the same conditions. An elegant and simple method for directly observing the full enhancement factor due to pure QPM in multijet configurations was introduced by Seres et al. [20] . The theory makes the key simplification that the single-atom emission amplitude is the same for all atomic emitters. In addition, a dispersion dominated by free electrons is assumed leading to a linear dependence of the phase mismatch on the particle density of free electrons. The harmonic yield is then given by
N max;q is the largest density of source gas particles for the single jet case (N QPM ¼ 1) for which the intensity of the qth harmonic monotonically grows and N n ¼ N=N max;q is the normalized atomic density (with N being the atomic density). In this sense the normalized density is the point at which the length of the single or merged jet L M is just one coherence length L c . Best phase matching for a series of source jets (i.e., N QPM > 1) with an individual length of L M =N QPM is then achieved by adjusting the pressure to a higher density of N QPM N max;q , such that each individual jet in the series corresponds to one coherence length. This allows the quality of the QPM to be evaluated by comparing a configuration with N QPM ¼ 1 (i.e., a single jet without QPM) to a configuration with N QPM > 1 while keeping the total length of the source gas (and therefore the geometry of the individual jets) constant.
To investigate the feasibility of the dual-gas QPM concept with higher source number, an experiment with six QPM periods was performed using a Red Dragon amplifier (KM-Labs) system provided 35 fs pulses with up to 15 mJ pulse energy and a repetition rate of 1 kHz at a central wavelength of 800 nm. The laser radiation was focused by a lens with an effective focal length of f ¼ 1000 mm leading to a measured focal spot of 70 m FWHM. At pulse energies of 4 and 2.8 mJ the peak intensity derived from focal measurements is 9 Â 10 14 and 6 Â 10 14 W=cm 2 , respectively. The jet array was positioned within the Rayleigh range of the focused laser beam. To implement more sources, the advanced target design consists of multiple stacked foils with a rectangular nozzle orifice of 100 m [Â 1000 m, transverse size; see Fig. 1(c) and 1(d) ] instead of electroeroded nozzles, because the complicated prototype does not scale easily to larger jet numbers. In this configuration, the jets do not have any angle to each other. The backing pressures in the two arrays were controlled separately providing the same pressure within an array. Note that, in principle, our novel scheme allows the phase introduced by each matching halfperiod to be varied freely from one hydrogen zone to the next which will be implemented in a future version. In Fig. 4(a) two data sets are plotted versus argon backing pressure. At first a merged argon jet of 700 m length [consisting of six jets enclosed by two thin hydrogen jets of 100 m to avoid density spreading; see Fig. 1(c)] shows the characteristic phase oscillations with increasing argon pressure [see also Fig. 4(b) ]. The nonzero signal in the minima with increasing pressure is due to off-axis phase matching [23] , which is not considered in Eq. (2) . The data points corresponds to the case N QPM ¼ 1 in Eq. (2) which is fitted to the data (darkly shaded) and allow the backing pressure corresponding to N max;q to be estimated as 87.5 mbar. Finally, the QPM effect with hydrogen is shown in the data set with a N QPM ¼ 6 multijet array [consisting of the same six argon jets but now separated by hydrogen jets of 100 m length; see Fig. 1(d) ]. By keeping the interaction length with argon constant, any enhancement occurring will be an effect of QPM. The hydrogen pressure was chosen to maximize the output at an argon backing 
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week ending 21 OCTOBER 2011 pressure of p ¼ 6 Â 87:5 mbar ¼ 525 mbar (corresponding to a density of N QPM N max;q ). As one can see, the measured data fit the theoretical expectation well for N QPM ¼ 6 and we thus show, for the first time, an enhancement factor of 36 for a multijet array of six sources. For an intensity of 9 Â 10 14 W=cm 2 the best conversion efficiencies achieved with the N QPM ¼ 6 array are 1:2 Â 10 À5 , 9 Â 10 À6 , and 3 Â 10 À6 for the 19th, 23rd, and 27th harmonic order, respectively, which is close to highest values reported for a 800 nm driver in the literature to date [24] [25] [26] . However, optimized conversion efficiency is not the primary aim of this novel study but rather will form the basis of future work.
To conclude, we have shown, for the first time, complete control of the laser-driven HHG process for multiple HHG sources by controlling the relative phase of the sources with matching zones consisting of fully ionized hydrogen gas inserted between the HHG zones. Controlling the process this way leads to quasiphase matching, which is confirmed by an enhancement of ðN QPM Þ 2 (for up to N QPM ¼ 6) in excellent agreement with theory. This new approach, not limited to any specific number of nozzles, represents a relatively simple tool for increasing the conversion efficiency to its theoretical limit. For short harmonic wavelengths, where current HHG efficiencies are substantially smaller than those that could be theoretically achieved, this method is anticipated to be particularly attractive. The low self-absorption at shorter wavelengths implies that jet arrays with N QPM > 10 are possible with a decreased nozzle opening.
Ultimately from the current perspective the limit of the dual-gas QPM concept is only given by absorption and focusing geometry. To overcome the latter limit, laser systems with higher pulse energies can be used resulting in a focusing geometry with much larger confocal parameters while keeping the appropriate intensity for HHG. In addition, further optimization of the HHG process can be achieved by applying schemes such as shaped focal spots with flattop profiles. In principle, our scheme will extend to almost any medium as long as the ionization potential of the HHG medium exceeds that of hydrogen. These results are a major step towards the next generation of applications that require high peak and/or average power XUV sources.
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FIG. 4. (a)
Comparison of the angularly and spectrally integrated harmonic yield for the 27th harmonic using a 700 m merged argon jet (circles) and a dual-gas six-sources jet (triangles) which has five hydrogen jets placed between the six argon jets. For comparison the theoretical curves are included for N QPM ¼ 1 (dark shaded) and N QPM ¼ 6 (light shaded). (b) Close-up of the merged-jet oscillations with increasing argon backing pressure.
